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Here we present linear and circular polarized soft x-ray absorption spectroscopy (XAS) data at
the Ce M4,5 edges of the electron (Ir) and hole-doped (Re) Kondo semiconductor CeOs2Al10. Both
substitutions have a strong impact on the unusual high Ne´el temperature, TN=28.5 K, and also the
direction of the ordered moment in case of Ir. The substitution dependence of the linear dichroism is
weak thus validating the crystal-field description of CeOs2Al10 being representative for the Re and
Ir substituted compounds. The impact of electron- and hole-doping on the hybridization between
conduction and 4f electrons is related to the amount of f0 in the ground state and reduction of
x-ray magnetic circular dichroism. A relationship of cf -hybridization strength and enhanced TN
is discussed. The direction and doping dependence of the circular dichroism strongly supports the
idea of strong Kondo screening along the crystallographic a direction.
PACS numbers: 71.27.+a, 75.10.Dg, 75.30.Cr, 78.70.Dm
I. INTRODUCTION
The ternary Ce compounds CeT 2Al10 (T=Fe, Ru
and Os) crystallize in the orthorhombic YbFe2Al10-type
structure 1,2 and have experienced some attention due
to the combination of Kondo semiconducting ground
states and long range antiferromagnetic order (AF) in
CeRu2Al10 and CeOs2Al10. Only the T =Fe compound
remains paramagnetic (PM) down to 50 mK.3–8 The pres-
ence of a magnetic order in these cage-like compounds is
indeed surprising because the Ce-Ce distances of 5.2A˚are
very large,3,9 and even more unusual are the high or-
dering temperatures of TN = 27 K (Ru) and 28.5 K (Os).
They are at odds with de-Gennes scaling that implies
TN should be lower than 1 K.
8 The magnetic properties
are very anisotropic with the a axis being the easy axis
(χaχc>χb). Inelastic neutron scattering has shown
that the ordered magnetic moments µord are not aligned
along the easy axis; instead they are parallel to the
c direction. The general magnetic anisotropy and the
small ordered magnetic moments of about 0.4µB can
be explained to a large extend with crystal-electric field
(CEF) effects. However, the low temperature suscep-
tibility χa is strongly reduced with respect to a CEF-
only calculation.8,10–12 Spin flip transitions to µord ‖ b
have been observed for magnetic fields of 4-6 T along
the c direction,13,14 i.e. it is not easy to orient the
ordered moment along the easy axis. All these oddi-
ties put into question whether conventional Ruderman-
Kittel-Kasyua-Yosida (RKKY) interaction is the only
driving mechanism for the formation of magnetic order.
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FIG. 1. (a) Temperature - substitution phase diagram of
Ce(Os1−xIrx)2Al10 and Ce(Os1−yRey)2Al10 showing TN (red
dots) and the magnetic susceptibility at 40 K (blue dots).
Data are adapted from Ref. 14. The red and green regions re-
fer to different magnetically (AF) ordered phases, the length
of the red and green arrows symbolizes the size of ordered mo-
ment. (b) Integrated f0 intensities obtained from Fig. 3 (c)
and (d) in relative units as function of substitution. The
labels strong, interim and weak refer to the anticipated cf
hybridization strength of the respective substitution range.
Like in many heavy fermion and Kondo materials, the
hybridization of the f electrons with the conduction band
(cf hybridization) plays an important role in the ground
state formation of the CeT 2Al10 compounds.
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2Kondo lattice or heavy fermion compounds, the cf hy-
bridization leads to the opening of a hybridization gap.
In so-called Kondo insulators or semiconductors the
chemical potential lies in the gap so that at low temper-
atures non-metallic behavior is observed.4,5,9,17–19 Single
crystalline resistivity data yield activation energies of the
order of 4-8 meV depending on the crystallographic di-
rection. Excitation gaps have also been reported from
the spin excitation spectra 8 and optical conductivity
spectra.20–22 The anisotropies in the optical conductivity
as well as very detailed lattice parameter measurements
of the RET2Al10 (RE = rare earth)
23 suggest the pres-
ence of anisotropic hybridization with Kondo screening
along the a direction being most effective. It has been
speculated that this may have an impact on the magnetic
order. 24,25 The T = Fe compound is the most strongly
hybridized one among the family, thus explaining the ab-
sence of magnetic order. We suggest Ref. 8 and references
therein for a more detailed overview of the properties of
the undoped CeT2Al10 compounds.
The magnetic and transport properties of the
CeT 2Al10 are very susceptible to doping
14,26–34 so that
this family is an ideal playground for investigating itiner-
ant versus localized magnetism in a Kondo system. The
electron or hole doping with Ir or Re on the transition
metal site in Ce(Os1−xIrx)2Al10 or Ce(Os1−yRey)2Al10
has a big influence on the magnetic order and other phys-
ical properties:14,30–34 The low temperature static sus-
ceptibility χa increases dramatically with increasing Ir
concentration (see blue dots in Fig. 1) while χb,c changes
only little for the two other directions. For 15% Ir the
anisotropy of χ is well described within a local CEF
model. Furthermore, the direction of the ordered mag-
netic moment flips from c to the easy axis a somewhere
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FIG. 2. Experimental linear polarized M5,4-edge
XAS data of CeOs2Al10 at 40K: isotropic spectra
Iiso = 1/3(IE‖a + IE‖b + IE‖c) (top, black curve) and po-
larized data with E‖a (red), E‖b (green) and E‖c (blue). Red
arrows point to enlarged regions shown in insets.
for x between 0 and 0.03 and its size increases to 1µB
for x= 0.15 (see red and green regions and arrows in
Fig. 1).14,30 The Ne´el temperature, however, decreases
at first slowly from 28.5 to 20 K for x between 0 and
0.08 and then further to 7 K for x= 0.15 (see red dots
in Fig. 1). This is contrasted by substitution with Re in
Ce(Os1−yRey)2Al10. The Re substitution drives the sys-
tem into a more strongly hybridized regime so that TN
and also the size of the ordered moment decrease. The
direction of the ordered moment remains unchanged. Be-
yond y= 0.05 magnetic order is suppressed. Also other
compounds, e.g. CeRh3B2
35 and CeRh2Si2
36 exhibit
unusual high ordering temperatures in the presence of cf
hybridization. All this suggests strongly that the pres-
ence of cf -hybridization is entangled with the enhance-
ment of the Ne´el temperature.37 This aspect will be stud-
ied in a systematic manner at the example of CeOs2Al10
with Re and Ir substitutions.
Here we present Ce M4,5 edge (3d
104f1→ 3d94f2) x-
ray absorption spectroscopy (XAS) study of electron
(Ir) and hole doped (Re) CeOs2Al10. The concentra-
tions were chosen such that the phase diagram in Fig. 1
is covered (see thick arrows); the undoped compound
CeOs2Al10, Ir: x= 0.08 and 0.15 and Re: y= 0.03 and
0.1. Linear dichroism yields information about the dop-
ing dependence of the CEF wave functions and, thereby,
information about the cf -hybridization can be obtained
from the isotropic spectra that are constructed from the
linear polarized data. The f0 configuration contributes
to the ground state in the presence of cf -hybridization
and gives rise to small, extra spectral weights due to
the transition 3d104f0→ 3d104f1. Their relative inten-
sities allow sorting the members of the substitution se-
ries according to their hybridization strength. The mag-
netic circular dichroism (MCD), finally, gives information
about the doping dependence of the magnetic moments,
i.e. about the direction dependence of the Kondo screen-
ing.
II. METHODS AND EXPERIMENTAL DETAILS
XAS is an element specific spectroscopic method that
is extremely sensitive to the valence, spin and orbital or
crystal-field state of the ion under investigation. 38–40 Ap-
plied to the excitation from a 3d104f1 CEF ground state
to the final state 3d104f2 multiplets, the linear dichroism
(LD) of XAS provides information about the CEF ground
state wave function of the Ce f1 configuration when mea-
suring at such low temperatures that only the ground
state is occupied.41 M-edge XAS is not resolution limited,
because the excited CEF states only enter via thermal
population, in contrast to inelastic neutron scattering,8
(surface sensitive) high resolution angle resolved photo-
electron spectroscopy (ARPES),42,43 or M-edge resonant
inelastic x-ray scattering (RIXS) 44 where the CEF tran-
sitions are directly probed. In the present study only the
4f ground state is targeted and for this purpose M-edge
3XAS has shown to be most sensitive to small changes in
the wave function upon substitution.45,46
XAS at the Ce L-edge (2p→ 5d) has shown to be
very powerful for determining the 4f occupation i.e. the
amount of f1 versus f0 in the ground state in the pres-
ence of the core hole. The core hole effect due to M-edge
absorption also leads to a large energy splitting of the fi-
nal states involving the f1 and f0 configurations, so that
we can use our data for giving a relative change of the
amount of f0 with substitution. Here we construct the
isotropic spectra from the sum over all directions of the
electric field vector E of the linear polarized light.
The difference of the absorption of left or right circu-
lar polarized light (CD) depends on the magnetic prop-
erties of the ion under investigation. Here a magnetic
field is applied in order to align the Ce moments. The
resulting magnetic circular dichroism (MCD) is directly
proportional to the magnetic moments aligned along the
applied magnetic field.
Single crystals of CeOs2Al10, Ce(Os1−xIrx)2Al10 (x ≤
0.15) and Ce(Os1−yRey)2Al10 (y ≤ 0.10) were grown by
an Al self-flux method7,14,32 and their quality and orien-
tation were confirmed by Laue x-ray diffraction.
The x-ray linear dichroism (XLD) measurements were
carried out on beamline BL10 at the synchrotron light
source Diamond in the UK. The x-ray magnetic circular
dichroism (XMCD) measurements were carried out on
DEIMOS beamline at Synchrotron Soleil in France. The
energy resolution at the CeM4,5 edge (hν ≈ 870−910 eV)
was about 0.15 eV. The samples were inserted into the re-
spective cryomagnets and cleaved in situ in the ultra high
vacuum chambers with a pressure of ∼ 10−10 mbar. All
spectra were recorded in the total-electron yield (TEY)
by measuring the drain current of the sample.
Two differently oriented samples of each composition
have been measured with horizontal and vertical linear
polarized light so that linear polarized spectra could be
taken along the three orthorhombic axis, i.e. for E ‖ a,
E ‖ b, and E ‖ c. The linear dichroism (LD) is defined as
the difference between a linear polarized spectrum IE‖i,
i = a, b, c and the isotropic spectrum Iiso, LDi = IE‖i - Iiso
with Iiso = 1/3(IE‖a + IE‖b + IE‖c).
The XMCD data were measured with an applied mag-
netic field B= 6 T along the Poynting vector of the light.
Right σ+i and left polarized σ
−
i XAS data were taken on
three differently oriented crystals so that for each com-
position B ‖ i, i= a, b, c, could be realized. The magnetic
circular dichroism (MCD) is defined as difference between
the two circular polarizations, MCDi =σ
+
i -σ
−
i .
For better comparison all data are normalized to the
integrated intensity. The data simulation has been per-
formed with the full multiplet code XTLS-830 39 as de-
scribed previously.11,12,41,47
III. RESULTS
The bottom spectra in Fig. 2 are the linear polarized
data of all three orthorhombic direction, IE‖a, IE‖b and
IE‖c, of CeOs2Al10 at 40 K. The data show a strong di-
rection dependence, in agreement with data published in
Ref. 12.
The top spectrum in Fig. 2 is an isotropic spectrum,
constructed as introduced above. It exhibits, in addi-
tion to the main absorption lines due to the transition
3d104f1→ 3d104f2, some smaller humps that are due to
the amount of f0 in the ground state of these hybridized
compounds. The red arrows point out the energy regions
where the f0 humps can be seen best.
Figure 3 (a) and (b) show the f0 regions at the M4,5
edges for all the measured samples on an enlarged scale.
Figure 3 (c) and (d) display the same f0 intensities but
after subtracting a linear background. The vertical scales
have the same relative intensities as in Fig. 2, i.e. the to-
tal of f0 is small but clearly changes upon substitution.
The integrated intensities, averaged over both edges, are
displayed in Fig. 1 (b) as function of substitution. Note,
these numbers represent a relative and not the abso-
lute f0 occupation in contrast to the numbers given in
Ref. 16. Nevertheless, The relative f0 occupations tell us
that there are three regions; the amount of f0 is almost
the identical for the pure (x= 0) and x= 0.08 Ir doped
compounds, it is larger in the two hole doped Re com-
positions (y= 0.03 and 0.1) and smallest for the highest
electron doping (Ir, x= 0.15). Although there is no one
to one scaling of f -occupation and hybridization V it is
valid to say that there is the general trend in cerium
compounds that a lager f0 occupation goes along with
stronger hybridization.48 Hence we find three regimes, a
strongly hybridized one for the two Re doped samples,
a region of interim hybridization (x=0 and 0.03) and a
weakly hybridized one for x= 0.15.
Figure 4 shows the LD at the M5 edge of all composi-
tions for all three directions. There is some scatter in the
LD when going from Ir to Re substitution but, in contrast
to previous findings in substitution series of the Ce115
compounds, 45,46 we cannot judge whether there is any
systematic in the present data. We should recall that in
these orthorhombic compounds all three directions con-
tribute to LDi due to the isotropic spectra whereas we
look at the difference of two directions in the tetragonal
systems. Nevertheless, we draw the important conclu-
sion that the CEF potential is only marginally affected
by substitution and cannot be responsible for the dra-
matic increase of χa with electron doping (see blue dots
in Fig. 1 (a)).
At 4 K the MCD is much larger than at 40 K (com-
pare Fig. 6 (a) and (b)). However at 4 K all samples with
the exception of Ce(Os0.9Re0.1)2Al10 are magnetically or-
dered. We therefore show the XMCD data for B ‖ a of
this 10% hole doped sample in Fig. 5 (a), the direction de-
pendence of its XMCD in Fig. 5 (b) and the comparison to
a CEF-only calculation (see bottom spectra in Fig. 5 (a)
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FIG. 3. (a) and (b) f0 regions at the Ce M4,5 edges (see red
arrows in Fig. 2) of isotropic data for CeOs2Al10 and substi-
tutions with Re and Ir. (c) and (d) Same f0 regions as in (a)
and (b) after subtracting a linear background.
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FIG. 4. (a) Experimental linear dichroism LDi of
Ce M5-edge of all samples for the three crystallo-
graphic directions, i = a, b, c, with LDi = IE‖i - Iiso and
Iiso = 1/3(IE‖a + IE‖b + IE‖c). By definition
∑
(LDi) = 0
and Fig. 5 (c)). Evidently, the discrepancy between data
and simulation is largest for MCDa. We interpret this
as a strong indication for the Kondo effect being most
effective along the a-direction.
Figure 6 (a) and (b), show the measured MCDa for all
substitutions (dots) at 4 K and 40 K, and the respective
CEF-only simulations (red lines) for comparison. Note,
that the y-axis in Fig. 6 (d) is spread by a factor of 5
because the MCD-signal at 40 K is much smaller with
respect to 4 K. At 4 K all samples with the exception of
y= 0.10 are magnetically ordered so that the interpreta-
tion of these 4 K data is not straight forward. The mo-
ments may be canted with respect to the field direction
and no statement can be made about the possibility of
Kondo screening. At 40 K, however, all samples are para-
magnetic. Here we observe, similar to the f0 intensity,
three regimes: strongly suppressed moments for y= 0.1
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FIG. 5. (a) Experimental circular polarized M4,5-edge XAS
data, σ+a and σ
−
a , for B= 6T‖a of (a) paramagnetic, hole
doped Ce(Os0.9Re0.1)2Al10 and the CEF-only simulation
based on the Strigari et al. paramaters.12 (b) Experimen-
tal and (c) calculated (CEF-only) MCDi with i= a, b, c of
Ce(Os0.9Re0.1)2Al10.
and 0.03, almost recovered moments for x= 0 and 0.08
and a fully recovered moment for x=0.15. This coincides
nicely with substitution dependence of the f0 intensity
in Fig. 3, thus supporting the labeling of the samples as
strongly, intermin and weakly hybridized as in Fig 1 (b).
IV. DISCUSSION
X-ray absorption has been used to investigate the rela-
tive amount of f0, the LD and MCD at 6 T in several hole
and electron doped CeOs2Al10 samples. The linear po-
larized data show that the CEF description of CeOs2Al10
is a good Ansatz for describing the anisotropy of the
substitution series. It verifies that the doping depen-
dence of the magnetic susceptibility as in Ref. 14 is not
due to changes in the CEF. The analysis of the isotropic
data that were constructed from the linear polarized ones
5Photon energy (eV) 
decreasing 
 hybridization 
FIG. 6. Circular dicroism MCDa of hole doped (Re, y=0.1
and 0.03), pure and electron doped (Ir, x= 0.08 and 0.15)
CeOs2Al10 (colored dots), compared to a CEF-only calcula-
tion 12 (red line) at (a) 4 K and (b) in the paramagnmetic
state at 40 K .
give relative occupation numbers of the f0 configuration
in the Ce(Os1−yRey)2Al10 and Ce(Os1−xIrx)2Al10 com-
pounds. The f0 occupation as well as the MCDa inten-
sity show the same trend as function of substitution (see
black arrows in Fig. 3 (c) and (d) and Fig. 6 (b). There are
three regimes of hybridization: Ce(Os1−yRey)2Al10 for
y= 0.1 and 0.03 being strongly hybridized, CeOs2Al10
and Ce(Os0.92Ir0.08)2Al10 exhibit interim cf hybridiza-
tion and Ce(Os0.85Ir0.15)2Al10 being weakly hybridized.
Interestingly, the variation of TN also suggest three
regimes (see Fig. 1): The region of suppressed mag-
netic order, i.e. TN = 0 that coincides with strong cf -
hybridization, the region of strongly enhanced TN ac-
cording to de Gennes scaling, from y=0.03 to x= 0.08
where cf -hybridization is interim (see dashed region in
Fig. 1 (a)). Within this dashed region the ordered mo-
ments are at first aligned along c, but already for an Ir
concentration of x= 0.03 the ordered moment is aligned
along the easy axis a,26 suggesting a weakening of the
Kondo screening along a. Beyond x= 0.08, TN de-
creases to 7 K and the cf hybridization is smallest. This
suggests strongly that the presence of of interim cf -
hybridization drives the enhancement of the Ne´el tem-
perature or, following Hoshino and Kuramoto, the mag-
netic response is strongly enhanced at the itinerant to
localized transition.37
A uniaxial pressure study of CeRu2Al10 and
CeOs2Al10 shows that also other factors contribute to
enhancing TN .
49 Hayashi et al. found that uniaxial pres-
sure along the b axis enhances TN without increasing
hybridization. It was concluded that charge conduction
along the b axis plays an important role in the ordered
phase. Here should be kept in mind, as pointed out
in Ref. 49, that the shortest Ce-Ce distance is along b
and that uniaxial pressure in b direction reduces this dis-
tance. Our finding that cf hybridization is one of the
driving mechanisms in enhancing TN in the CeOs2Al10
compounds with Re and Ir substitution does not contra-
dict this pressure study.
Finally, the detailed analysis of the XMCD data
strongly suggests that the a direction is most affected
by Kondo screening. In particular, the most strongly hy-
bridized compound Ce(Os0.9Re0.1)2Al10 that is paramag-
netic at all temperatures has a strongly reduced MCDa
signal with respect to the CEF-only simulation (see
Fig. 5 (b), (c)) This is contrasted by Ce(Os0.85Ir0.15)2Al10
which is the least hybridized sample. Here the MCDa
signal has completely recovered above the ordering tem-
perature (see Fig. 6 (b)) and is almost recovered due to
a spin flip transition in the antiferromagnetic state with
µord‖a (see Fig. 6 (a)).
V. SUMMARY
Ce(Os1−yRey)2Al10 (y=0.03 and 0.1) and
Ce(Os1−xIrx)2Al10 (x= 0, 0.08, and 0.15) have been
studied with linear and circular polarized x-ray absorp-
tion at the Ce M4,5-edge. We find that the crystal-field
description of the undoped compound describes the
linear dichroism of all substitutions, i.e. is a good
approximation of the CEF-only magnetic anisotropy.
The MCD along the crystallographic a direction is
most affected by substitution. Here anisotropic Kondo
screening is a likely explanation. XLD and MCD data,
both show three regimes of hybridization, the strongest
one for the two Re substitutions, an interim one for x=0
and 0.08 and the smallest for x= 0.15. The strongest
enhancement of the Ne´el temperature TN coincides with
the region of interim hybridization.
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